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Abstract
The standard scenario of cosmology predicts a measurable amount for linear polariza-
tion of the Cosmic Microwave Background radiation (CMB) via Thomson scattering, while
through this scenario, the generation of circular polarization is excluded. On the another
hand, the circular polarization of CMB has not been excluded in observational evidence.
The generation of CMB photons circular polarization via their Compton scattering with
polarized cosmic electrons is considered in this paper. Our motivation for considering po-
larized Compton scattering comes from the effects of the external magnetic field in large
scale, the chiral magnetic instability and new physics interactions of the cosmic electrons. It
is shown that damping term of polarized Compton scattering in the presence of scalar per-
turbation can generate circular polarization in CMB radiation, so that the power spectrum
of circular polarization of CMB C
V (S)
l
is proportional to the power spectrum of tempera-
ture anisotropy of CMB C
I(S)
l
and also δ2 which is a fraction of polarized electron number
density to the total one with net Left- or Right-handed polarizations. We have discussed
that at least we need δ < 10−4 to find consistency with a reported upper limit of CMB
circular polarization.
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1 Introduction
CMB’s temperature anisotropies which were detected by COBE in 1992 are believed to re-
sult from inhomogeneities in the matter distribution at the recombination epoch [1]. Because
Thomson scattering is an isotropic process, any primordial anisotropies (as opposed to inhomo-
geneities) should have been smoothed out before decoupling [2]. This certifies to the interpre-
tation of the observed anisotropies as the result of density perturbations which can be a source
for the formation of galaxies and clusters. The temperature anisotropies which is discovered
by COBE can be taken as evidence that such density inhomogeneities existed in the early uni-
verse [2, 3, 4]. Gravitational collapse of these primordial density inhomogeneities appears to
have formed the large-scale structures of clusters, super-clusters and galaxies which is observed
today [2].
Due to the anisotropic Compton scattering around the recombination epoch, the generation of
some relevant linear polarization (about 10 percents) in CMB radiation is expected [5, 6, 7],
and these polarization fluctuations should be smaller than the temperature fluctuations [9].
Most attractive results of Planck on cosmological parameters which included r (scalar-tensor
ratio) and linear polarization map is reported in [10, 11, 12]. On the other hand, according to
the standard scenario of cosmology (considering Compton scattering as the mean interaction
of CMB and cosmic matter), there is no physical mechanism to generate a circularly polarized
radiation at the last scattering surface. It should be note that circular polarization measure-
ments can provide valuable information to test the standard cosmological model and the physics
beyond the standard model of elementary particles. But experimental results confirm that one
can still have circular polarization contribution in CMB anisotropy. Yet, there are relatively
few published limits on the CMB circular polarization [13]. Almost all the experimental results
have reported an upper limit for circular polarization (V-mode) around ∆V /TCMB < 10
−4.
Many reasons can be provided as to the generation of the circular polarization. In the case
of a renormalizable and gauge-invariant standard model, extension of photon coupling to an
external vector field via Chern-Simons term, which arises as a radiative correction, if gravita-
tional torsion couples to fermions, will be the source of circular polarization of CMB radiation
[14]. The linear polarization of the CMB in the presence of a large-scale magnetic field B
can be converted to the circular polarization under the formalism of the generalized Faraday
rotation (FR)[15, 16] known as the Faraday conversion (FC). Also, the V-mode can be pro-
duced with the same mechanism [17, 18]. In a background magnetic field or the quantum
electrodynamics sector of standard model which is extended by Lorentz non-invariant opera-
tors as well as non-commutativity, the CMB polarization acquires a small amount of circular
polarization [19]. Photon-photon interactions mediated by the neutral hydrogen background,
γ + γ + atom→ γ + γ + atom, through forward scattering [20] and photon-neutrino scattering
[21] and Euler-Heisenberg effective Lagrangian given in[22] can produce the circular polariza-
tion. Also see other interesting mechanisms (like photon-graviton interaction, Magneto-optic
effects,...) [23].
The scattering of a photon from the polarized electron is another mechanism which can be
important for generating circular polarization. The description of polarization phenomena for
both electromagnetic radiation and elementary particles as a matrix representation of polar-
ization is given [24]. Some works are investigated phenomena involving electrons and photons
from polarization effects considerations such as Compton scattering, bremsstrahlung and so on
[25, 26]. They studied the detection and production of circular polarized gamma radiation by
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Compton scattering. The production of polarized electron by photoionization of the polarized
atomic beam has been reported which is the useful source of polarized electrons[27]. A Compton
scattering based polarimeter for measuring the linear polarization of hard X-rays (100-300 keV)
from astrophysical sources has been developing [28]. A Monte Carlo method is described for
the multi-pole scattering of linearly polarized gamma rays in non-magnetized solid state targets
and then the cross section and Stokes parameters for spin-polarized have been discussed [29].
Also, the investigation of γ−ray polarizations leads to the insertion of the constraints on Planck
scale violation of special relativity[30]. The final electron polarization was calculated for the
scattering of the polarized photon by a polarized electron[31].
In this work, it is shown that Compton scattering of photons from polarized electrons5 can
generate circular polarization in contrast to the ordinary Compton scattering [5]. The asym-
metry between left- and right-handed number density of electrons can be obtained from several
sources. For example, beta decays in Neutron stars [32] as it is clearly shown, nature just
accepts left-handed neutrinos and left-handed electrons flux intends in beta decay but their
right-handed partner remains. Another one, axions as one of the dark-matter candidates can
couple to fermions during inflation and produce both two helicity states of the electron but
in asymmetrical amounts [33]. In the presence of magnetic field, electron should fill Landau
levels [34], while lowest Landau level can be filled only by left-handed electrons, higher levels
filled with both helicity states of electrons. This will cause an asymmetry between left and
right-handed electrons distribution which is in the order of ∼
eB
p2
, where B is the amplitude
of magnetic field and p is the linear momentum of electrons. By reviewing the chiral magnetic
instability for electrons with only electromagnetic interaction, the chiral charge density, n5 is of
order ⋍ 10−14ne and ne is the number density of electrons[35]. Also, electromagnetic interaction
of the massive spin-1/2 Dirac particles can flip their helicity [36]. The above mentioned mech-
anisms motivated us to investigate the circular polarization generation of CMB via polarized
Compton scattering.
2 CMB Interaction with Polarized Electrons
To describe an assumable of a photon like CMB radiation, one can start with the density matrix:
ρˆ =
1
tr(ρˆ)
∫
d3k
(2π)3
ρij(k)Dij(k) (1)
where Dij(k) ≡ a
†
i (k)aj(k) and ρij are the photon number operator and the general density-
matrix component in the space of polarization states and k indicates the momentum of photons.
I, Q, U and V are Stokes parameters which is related to ρij(k) as following
ρˆ =
1
2
(
I +Q U − iV
U + iV I −Q
)
(2)
The time evolution of ρij(k) as well as Stokes parameters is given [5],
(2π)3δ3(0)2k0
d
dt
ρij(k) = i〈[H
0
I (t), D
0
ij(k)]〉 −
1
2
∫
dt〈
[
H0I (t), [H
0
I (0), D
0
ij(k)]
]
〉 (3)
5We call this in the remain of paper as Polarized Compton Scattering.
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where k0 = |k| and H0I (t) is the first order of the interacting Hamiltonian. The first term on the
right-handed side of eq.(3) is a forward scattering term, and the second one is a higher order
collision term. Using standard calculations of Quantum Electrodynamics (QED), interacting
Hamiltonian for electron-photon scattering (γ(p) + e(q)→ γ(p′) + e(q′)) is given
H0I (t) =
∫
dqdq′dpdp′(2π)3δ3(q′ + p′ − q− p)exp[it(q′0 + p′0 − q0 − p0)]
×[b†r′(q
′)a†s′(p
′)M(q′r′, ps1, qr, p
′s′1) as(p)br(q)], (4)
where as, a
†
s′ and br, b
†
r′ are annihilation and creation operators of the quantized photon and
electron fields, respectively. M is Compton scattering amplitude
M(q′r′, ps1, qr, p
′s′1) = −ie
2U¯r′(q
′)
[ǫ/s′
1
(p′) (p/ + q/+m)ǫ/s1(p)
2q.p
−
ǫ/s1(p) (q/ − p
′/+m)ǫ/s′
1
(p′)
2p′.q
]
Ur(q), (5)
where r, r′ and s1, s
′
1 indices run over electron and photon spin states. Note phase space elements
are defined
dq =
d3q
(2π)3
m
q0
, dp =
d3p
(2π)32p0
. (6)
2.1 Forward Scattering terms
The usual assumption of forward scattering is that the fields begin as a free fields and end an
other free field which the interactions are isolated from each other. According to this assumption,
will prove (as its done by [5])
U¯r(q)ǫ/s(q/+m)ǫ/s′Ur(q) = U¯r(q)(2q · ǫs − q/ǫ/s +mǫ/s)ǫ/s′Ur(q)
= (2q.ǫs)U¯r(q)ǫ/s′Ur(q)
=
2
m
(q · ǫs)(q · ǫs′)
= U¯r(q)ǫ/s′ (q/ +m)ǫ/sUr(q) (7)
These two terms (in Eq.(5)) cancel each other. Thus, the forward scattering of ordinary Comp-
ton scattering doesn’t have any contribution to the generation of circular polarization of CMB’s
for electrons being unpolarized. But this term in the presence of neutrino scattering off photons
has a non-zero contribution [37]. The treating polarized electrons are the same as neutrinos or
any other particles species governed by the Boltzmann equations. With evaluation of the for-
ward scattering term for Compton scattering, also this term will be zero independent of whether
the electrons are polarized or unpolarized ( for more details see [5] )
2.2 Damping terms
The contribution of damping term (usual cross section) of the Compton scattering for the
generation of the CMB polarization has been studied in many works [see for example [5] and its
references]. At first, we just review the result presented in [5] for the case of Compton scattering
of photons from unpolarized electrons. The Boltzmann equation is
2k0ρ˙ij(k) =
1
4
∫
dqdq′dp(2π)4δ4(q′ + p− q − k)M(q′r′, ps′1, qr, ks1)M
†(qr, ks′2, q
′r′, ps2)
×
[
ne(x,q)δs2s′1(δis1ρs′2j(k) + δjs′2ρis1(k)) − 2ne(x,q
′)δis1δjs′2ρs′1s2(p)
]
(8)
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where ne(x,q) is the electron distribution function. The distribution function of cosmic elec-
trons, which is known as a thermal Maxwell-Boltzmann distribution [5], is
ne(x,q) = ne(x)(
2π
mTe
)3/2exp
[
−
(q−mv(x))2
2mTe
]
(9)
where ne(x), m, Te and v(x) = ve(x)vˆ are electron number density, electron mass, the electron
temperature and the electron bulk velocity, respectively. Let’s also write the following useful
integrals ∫
d3q
(2π)3
ne(x,q) = ne(x), (10)∫
d3q
(2π)3
qine(x,q) = mvi(x)ne(x). (11)
Now with this furnishing, we go through the Eq.(8). First we can simplify Compton scat-
tering amplitude Eq.(5) as follows
M(q′r′, ks1, qr, ps
′
1) = −ie
2U¯r′(q
′)
[ ǫ/s′
1
(p)(2q · ǫs1(k)− ǫ/s1(k)k/)
2q · k
−
ǫ/s1(k) (2q · ǫs′1(p) + ǫ/s′1(p)p/)
2p · q
]
Ur(q)
(12)
Then the squared Compton amplitude in abbreviated form is
M(q′r′, ps′1, qr, ks1)M(qr, ks
′
2, q
′r′, ps2) = e
4
∑{
U¯r′(q
′)T (s1, s
′
1)Ur(q)U¯r(q)T˜ (s2, s
′
2)Ur′(q
′)
}
, (13)
where
T (s1, s
′
1) =
ǫ/s′
1
(p)
2q · k
[2q · ǫs1(k)− ǫ/s1(k)k/]−
ǫ/s1(k)
2q · p
[2q · ǫs′
1
(p) + ǫ/s′
1
(p)p/] (14)
T˜ (s2, s
′
2) =
1
2q · k
[2q · ǫs′
2
(k)− k/ǫ/s′
2
(k)]ǫ/s2(p)−
1
2q · p
[2q · ǫs2(p) + p/ǫ/s2(p)]ǫ/s′2(k) (15)
Note in the Compton scattering of unpolarized electrons, there are averaging assumption on
the final and initial helicity states of electrons in Eq.(13), which allows to use the ordinary
completeness relation
∑
r Ur(q)U¯r(q) =
q/+m
m for both ingoing and out-coming electrons. But
here we consider small polarization for ingoing electrons, in this case, the completeness relation
of Dirac spinors modifies as [38]
Ur(q)U¯r(q) =
[q/+m
2m
1 + γ5S/r(q)
2
]
(16)
where Sr helicity operator with r = L,R is defined
SR(q) = (
| q |
m
,
E
m
q
| q |
), SL(q) = −SR(q). (17)
Let’s consider a small fraction δL of left-handed polarization for ingoing cosmic electrons while
we do not apply any constraint on the outgoing electrons due to their interaction with CMB
photons. Hence, we have
M(q′r′, ps′1, qr, ks1)M(qr, ks
′
2, q
′r′, ps2) = e
4Tr
{
(q/′ +m)
2mf
T (s1, s
′
1)
(q/ +m)
2mf
[1 + γ5S/L(q)
2
]
T˜ (s2, s2)
]}
(18)
It should be noted that in the above equation q and q′ are ingoing and outgoing electrons
momentum, respectively. One can rewrite Eq.(18) as following
M(q′r′, ps′1, qr, ks1)M(qr, ks
′
2, q
′r′, ps2) =
e4
2
Tr
{
q/′ +m
2m
T (s1, s
′
1)
q/+m
2m
T˜ (s2, s
′
2)
}
(19)
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+
e4
2
Tr
{
q/′ +m
2m
T (s1, s
′
1)
q/+m
2m
(γ5S/L(q))T˜ (s2, s
′
2)
}
,
where the first term is the amplitude of Compton scattering of unpolarized electrons which
is investigated in standard scenario, whereas the second term indicates the contribution of
Compton scattering of polarized electrons which is shown as | M | 2P . With straightforward
calculations (applicable Mathematica package[40]) and keeping the dominated contribution, we
have
| M | 2P ≈
e4
4(q · k)2
{
q · ǫs′
2
(k)
(
k · ǫs′
1
(p)qˆ · ǫs1(k)× ǫs2(p) + p · ǫs1(k)qˆ · ǫs′1(p)× ǫs2(p)
)
+q · ǫs2(p)
(
p · ǫs1(k)qˆ · ǫs′2(k)× ǫs′1(p) + qˆ · ǫs1(k)ǫs′2(k) · p× ǫs′1(p)
)
+qˆ · ǫs′
1
(p)
(
q · ǫs2(p)k · ǫs1(k)× ǫs′2(k)− q · ǫs′2(k)ǫs2(p) · k × ǫs1(k)
)
−q · ǫs′
2
(k)qˆ · ǫs1(k)p · ǫs′1(p)× ǫs2(p)
+ǫs1(k) · ǫs′1(p)
(
q · ǫs2(p)qˆ · k × ǫs′2(k)− q · ǫs′2(k)qˆ · k × ǫs2(p)
+q · ǫs2(p)qˆ · p× ǫs′2(k)− q · ǫs′2(k)qˆ · p× ǫs2(p)
)
+ǫs1(k) · ǫs2(p)q · ǫs′2(k)qˆ · p× ǫs′1(p) + ǫs′1(p) · ǫs′2(k)q · ǫs2(p)qˆ · k × ǫs1(k)
−δs2s′1q · ǫs′2(k)qˆ · k × ǫs1(k)− δs1s′2q · ǫs2(p)qˆ · p× ǫs′1(p)
}
, (20)
where qˆ = q/ | q |, then the Boltzmann equation for ρij(x,k) is given by
d
dt
ρij(x,k) =
e4δL
2k0
∫
dqdp
m
E(q + k− p)
(2π)δ
(
E(q+ k− p) + p− E(q)− k
)
×
(
ne(x,q)δs2s′1(δis1ρs′2j(k) + δjs′2ρis1(k)) − 2ne(x,q
′)δis1δjs′2ρs′1s2(p)
)
| M | 2P ,
where we introduce δL = ne,L/ne and δR = ne,R/ne as a fraction of polarized electron number
density to total one with net Left- or Right-handed polarizations.By running all indices, ignoring
the recoil momentum of final electrons and considering below equations
δ
(
E(q+ k− p) + p− E(q) − k
)
∼ δ
(
p− k
)
, (21)
E(q+Q) ∼ m
[
1 +
q2
m2
+
q ·Q
m2
+ ....
]
(22)
ne(q+Q) ∼ ne(q)
[
1−
Q · (q−mv)
mTe
+ ....
]
, (23)
the time evolution of Stokes parameters would have the following form
I˙(k) = τ˙
PC
∫
dΩ
4π
∑
S
[
fIS(kˆ, pˆ)S(k) + gIS(kˆ, pˆ)S(p)
]
, (24)
Q˙(k) = τ˙
PC
∫
dΩ
4π
∑
S
[
fQS(kˆ, pˆ)S(k) + gQS(kˆ, pˆ)S(p)
]
(25)
U˙(k) = τ˙
PC
∫
dΩ
4π
∑
S
[
fUS(kˆ, pˆ)S(k) + gUS(kˆ, pˆ)S(p)
]
(26)
6
V˙ (k) = τ˙
PC
∫
dΩ
4π
∑
S
[
fV S(kˆ, pˆ)S(k) + gV S(kˆ, pˆ)S(p)
]
, (27)
where S ∈ {I,Q, U, V } and
τ˙
PC
=
3
2
mve(x)
k0
σT δL ne(x) . (28)
All coefficients fIS , fQS , fUS andfV S can be easily obtained from Eqs.(2) and (20). As we
are interested in calculation of the circular polarization (i.e. Eq.(27)), we disregard the time
evolution of I˙(k), Q˙(k) and U˙(k) for the rest. Also in (27), the coefficients of fV Q, gV Q, fV U
and gV U are not considered because Q and U are at least one order of magnitude smaller than
I in the case of CMB radiation.
3 Power Spectrum of the Circular Polarization
We continue the calculation in the presence of the primordial scalar perturbations indicated by
(S) which we expand in the Fourier modes characterized by a wave number K. For each given
wave number K, it is useful to select a coordinate system with K ‖ zˆ and (eˆ1, eˆ2) = (eˆθ, eˆφ).
The baryon bulk velocity v at linear order is irrotational, meaning that it is the gradient of a
potential, and thus in Fourier space it is parallel to wave number K (see [8]),
v||K , v = |v| ≈ (1 + z)−1/210−3. (29)
Temperature anisotropy ∆
(S)
I and circular polarization ∆
(S)
V of the CMB radiation can be ex-
panded in the conformal time η and can be described by multi-pole moments as following
∆I,V (η,K, µ) =
∞∑
l=0
(2l+ 1)(−i)l∆lI,V (η,K)Pl(µ) (30)
where µ = nˆ · Kˆ = cos θ, the θ is the angle between the CMB photon direction nˆ = k/|k| and
the wave vectors K and Pl(µ) is the Legendre polynomial of rank l. So, we could continue with
the definition6
∆
(S)
I (K,k, η) ≡
(
4k
∂I0
∂k
)−1
∆
(S)
I (K,k, η). (31)
Here we should define ddt in the left hand side of Eq.(21) to take into account space-time structure
and gravitational effects such as the red-shift and so on. For each plane wave, each scattering
and interaction can be described as the transport through a plane parallel medium [41, 42], and
finally, Boltzmann equations in the presence of the primordial scalar perturbations are given as
d
dη
∆
(S)
V + iKµ∆
(S)
V = −τ˙eγ
[
∆
(S)
V −
3
2
µ∆
(S)
V 1
]
− i2/3τ˙pc
[
P2(µ)∆
(S)
I −∆
(S)
I2
]
(32)
where τ˙eγ ≡
dτeγ
dη which τeγ is Compton scattering optical depth, a(η) is normalized scale
factor.
The values of ∆
(S)
I (η0, nˆ) and ∆
(S)
V (η0, nˆ) at the present time η0 and the direction nˆ can be
obtained in the following general form by integrating of the Boltzmann equation (32), along the
line of sight [6] and with summing over all the Fourier modes K,
∆
(S)
V (nˆ) =
∫
d3Kξ(K)∆
(S)
V
(K,k, η0), (33)
6This is confusing in the literature, but we should note that the right side of ∆
(S)
I
is dimensionless and we
continue with it.
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where ξ(K) is a random variable used to characterize the initial amplitude of each primordial
scalar perturbations mode, and then the values of ∆
(S)
V (K,k, η0) are given as
∆
(S)
V (K, µ, η0) ≈
∫ η0
0
dη τ˙eγ e
ixµ−τeγ
[3
2
µ∆
(S)
V 1 − i
2τ˙eγ
3τ˙pc
(P2(µ)∆
(S)
I −∆
(S)
I2 )
]
, (34)
where x = K(η0 − η). The differential optical depth τ˙eγ(η) and total optical depth τeγ(η) due
to the Thomson scattering at time η have been defined as follows
τ˙eγ = a ne σT , τeγ(η) =
∫ η0
η
τ˙eγ(η)dη. (35)
The power spectrum C
V (S)
l , due to the Compton scattering in the presence of scalar perturba-
tion, is
C
V (S)
l = 〈∆
(S)†
V l ∆
(S)
V l 〉. (36)
Therefore, the circular power spectrum of the CMB radiation, CVl , due to Compton scattering
would be
CVl = 〈a
∗
V laV l〉
≈
1
2l + 1
∫
d3KP (S)ϕ (K, τ)
∫
|dΩP ∗l
∫ τ0
0
dτ τ˙eγe
ikx−τeγ [
2 ˙τpc
3τ˙eγ
(P2(µ)∆
(S)
I −∆
(S)
I2 )]|
2.
(37)
and with the approximation, the power spectrum of circular polarization for l < 2 can be
estimated as
C
V (S)
l ≈ (
τ˙PC
τ˙eγ
∣∣∣
av
)2CIl = 10
8δ2L C
I(S)
l , (38)
where C
I(S)
l is the power spectrum of temperature fluctuation and also, using Eq.(29), we have
τ˙PC
τ˙eγ
∣∣∣
av
≃
mve0
k0
δL
zlss
∫ zlss
0
dz
(1 + z)3/2
≈ 104δL, (39)
where ve0 is the bulk velocity at present time and zlss indicates red-shift at last scattering
surface.
4 Conclusion
In this work, according to assumption regarding an asymmetry in the number density of left-
and right-handed electrons in the universe, we were motivated to calculate dominated contri-
bution of this asymmetry for power spectrum of circular polarization C
V (S)
l in CMB radiation.
It should be mentioned that we have learned from papers [24]-[31] to do our calculations. We
have used Quantum Boltzmann Equation approach. The forward scattering term of polarized
Compton scattering has no contribution to the CMB polarizations. We have shown that the
damping term of polarized Compton scattering in the presence of scalar perturbation can gen-
erate circular polarization in CMB radiation, so that C
V (S)
l is proportional to C
I(S)
l and δ
2
L.
As our results showed, to generate circular polarization for CMB, the bulk velocity of cosmic
electrons should be none zero. An interesting point is the converting anisotropy intensity ∆I
to circular polarization. The most observational groups have reported an upper limit around
8
∆V /TCMB < 10
−4 ∼ ∆T/TCMB which means C
V (S)
l ≤ C
I(S)
l . If we apply this upper limit, the
fraction of polarized electron number density to the total one should be less than δL < 10
−4. As
Eqs.(24)-(26) shown, the polarized Compton scattering can generate the B-mode polarization
in the presence of the scalar perturbation and can affect the value of E-mode polarization and
the anisotropy of CMB temperature [43].
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